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Abstract The preparation, characterization, and test of
the first wall materials designed to be used in the fusion
reactor have remained challenging problems in the material
science. This work uses the first-principles method as
implemented in the CASTEP package to study the influ-
ences of the doped titanium carbide on the structural sta-
bility of the W–TiC material. The calculated total energy
and enthalpy have been used as criteria to judge the
structural models built with consideration of symmetry.
Our simulation indicates that the doped TiC tends to form
its own domain up to the investigated nano-scale, which
implies a possible phase separation. This result reveals the
intrinsic reason for the composite nature of the W–TiC
material and provides an explanation for the experimen-
tally observed phase separation at the nano-scale. Our
approach also sheds a light on explaining the enhancing
effects of doped components on the durability, reliability,
corrosion resistance, etc., in many special steels.
Keywords Tungsten-based material  First wall material 
First principles
1 Introduction
In facing the imminent depletion of fossil fuels and the
mounting demand of energy resources, various new sus-
tainable energy resources have been proposed. Among
which, the fusion energy has been considered the only way
to solve the constantly growing demands of energy and the
increasingly stringent requirements of environment. The
ITER (International Thermonuclear Experimental Reactor)
project is one important step for humankind to harness the
fusion energy [1]. The first wall material is crucially
important in the plasma facing components, which work in
an extreme environment exposing to high energy particles
and heat flux from the plasma [2]. Roughly speaking, the
first wall materials can be classified into low Z materials
and high Z materials. Tungsten belongs to the high Z
category, which has the advantage of high strength at high
temperature, and good resistance against erosion and irra-
diation due to high energy particles such as neutrons, He,
etc. However, pure tungsten has a low fracture toughness
which can be improved by changing its chemical compo-
sition through alloying or sintering with low Z materials to
form composite materials. In the last few years, many
efforts have been made in studying the tungsten-based
materials such as W–(0.3, 0.9, 1.7) TiC (wt%), W–(0.3,
1.0, 2.0) Y, and W–(0.3, 1.0, 2.0) Y2O3, etc. [3, 4].
The W–TiC system was first discovered and systemati-
cally studied by the research group of Kurishita. They have
not only studied the preparation conditions, in particular,
the effects of Ar, N2, H2, etc., atmosphere on the final
mechanical properties [5–8], but also have shown that the
addition of TiC can result in significant refinement of
grains of the alloys, which can thus enhance the ductility
and resistance to the neutron irradiation. In addition, the
high temperature mechanic properties and the crack and
D. Xu  X. He  S. Deng (&)  Y. Zhao
Key Laboratory of Magnetic Levitation Technologies and
Maglev Trains, Ministry of Education of China, and
Superconductivity and New Energy R&D Center, Southwest
Jiaotong University, Chengdu 610064, China
e-mail: s.deng@swjtu.edu.cn
D. Xu
School of Physical Science and Technology, Southwest Jiaotong
University, Chengdu 610064, China
123
J. Mod. Transport. (2014) 22(4):261–265
DOI 10.1007/s40534-014-0052-0
fracture mechanical properties can also be improved. [9–
13]. The possible reason as suggested by Kurishita et al.
[14] is that the addition of TiC and the recrystallization of
W–TiC alloy result in much efficient packing of the grains
and strengthening grain boundaries. The other research
activities [15–18] have also confirmed that the final prop-
erties of this system depend heavily on the preparation
routes and details, a phenomenon indicating the role of
multi-scale microstructures. Although many experimental
works have been done on this system, the microscopic
mechanism which connects the multi-scale structures and
the properties has not been established. So far as we know,
there has been hitherto no theoretical work done on W–TiC
system. This work focuses on the inhomogeneity at the
nano-scale and attempts to understand the experimental
findings from the electronic structures.
2 Computational details
In this work, we have used the state-of-the-art quantum
code CASTEP for all computations. In our calculations, the
density functional theory (DFT) is approximated using
local density approximation (LDA) and its generalized
gradient corrections (GGA) as implemented in the PBE
formulation [19]. The built-in ultra-soft pseudo-potentials
have been used throughout this work to treat the core
electrons, which leads to a relatively low energy cutoff of
310.0 eV for plane wave expansions of wave functions,
potentials, etc. A 4  4  8 k-mesh in the first Brillouin
zone is used for all integrations in the momentum space.
Throughout this work, the DFT total energy, enthalpy if
external pressure is present, has been taken as the object
function for geometry optimization with respect to each
test structure model. The high-dimensional multivariable
minimization problem is solved using the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) quasi-Newton scheme
[20].
3 Initial structure models
The experimental researches on tungsten-based materials
have studied a wide range of composition for TiC and other
chemicals. In this work, we investigate a specific compo-
sition, W? *3 % TiC in weight percentage, which cor-
responds to a mole composition of W7(TiC). A supercell
technique is used to study the possible microstructures at
the nano-length scale. As shown in Fig. 1b, a basic su-
percell of 2  2  1 with respect to that of the a-W
(Fig. 1a) contains 8 W atoms.
According to the symmetry of the supercell as shown in
Fig. 1b, we have built four different models as shown in
Fig. 2. In Fig. 2 (a) the Ti atom is put on the edge of the
supercell, while the C atom is put inside the supercell, but
at an asymmetric position to the two Ti atoms (Ti–C:
2.162 A˚, 2.390 A˚); (b) Ti atom is put at the center position
of the a-W with Ti and C atoms (Ti–C: 2.162 A˚) lying in
the (001) plane but not in the (010) plane in contrast to that
in model (c); (c) Both Ti and C atoms are put on the (001)
surface of the supercell with Ti–C distance at 2.162 A˚ and
Ti, C atoms lying in (010) plane; (d) Same as for (c) except
that the C atom lies equally distant (Ti–C: 2.162 A˚) to the
two Ti atoms.
4 Results and discussion
The optimization on model (d) results in a configuration
with the minimum energy as compared to the other three
models. The optimization starting from the other three
models lead to higher energy and larger stresses. Consid-
ering the periodicity of the models, model (a) and (d) are
actually very similar, while models (b) and (c) belong to
one class. Our calculations indeed obtain almost the same
geometrical details for models (b) and (c). In both cases,
the calculated Ti–C distance is 1.974 A˚, which is a little
shorter than that, 2.162 A˚, in the TiC structure. The next
Ti–C distance in both models is 3.709 A˚, which clearly
shows that the Ti–C units in both models remain isolated
with each other. The optimized W–C distance in (b) and
(c) is 2.004 A˚, shorter than that in the WC structure
(2.197 A˚). The separation of TiC units with each other may
cost more energy for the W host structure to accommodate
such units. Our calculations indicate that models (b) and
(c) are both energetically unfavorable by an energy of
about 0.23 eV higher than that of model (d). As we men-
tioned above, models (a) and (d) are structurally very
similar. They differ with each other only in the locations of
the C atoms. In model (d) the Ti–C units lie in the (010)
plane while those in model (a) cross the (010) plane. In
these two structures, the TiC forms zigzag chains which
run along the c direction. This character is similar to that
observed in the crystal of TiC. For model (a), the geometric
optimization shifts the two Ti atoms away from the (010)
W plane, while the original longer Ti–C distance, 2.392 A˚,
in the zigzag chain becomes 1.912 A˚, with the other Ti–C
distance almost unchanged. For model (d), the basic geo-
metrical character remains unchanged except that the Ti–C
distance (2.221 A˚) becomes longer than that in the initial
model. The optimized W–C distance in model (d) is
1.997 A˚ which is shorter than the normal W–C bond
length. This fact indicates a stronger W–C bonding, which
thus weakens the Ti–C bonding and results in a longer Ti–
C distance (2.221 A˚). The energy differences between the
models in each category are negligibly small, for example,
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the energy difference between (b) and (c) is only
0.0418 eV, which is at the order of phonon energy. In all
the cases, the Ti–C bonding is weakened due to the
formation of W–C bonding, which indicates that the W–
TiC composite materials are not pure physical mixing,
chemical interactions occur in all the cases. Nevertheless,
Fig. 1 a The unit cell of a-W; b the 2  2  1 supercell of a-W, the coordinate system is for both figures
Fig. 2 In a–d, the blue balls represent W, red balls represent Ti, and green balls represent C. The crystallographic coordinate system shown in
the center is for all models from a to d
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this W–C bonding is not large enough to compensate the
energy lost due to the weakening of Ti–C bonding. As we
have described above that the configurations (a, d) which
keep the character of TiC structure have indeed energy
advantage. This energy gain favors the phase separation at
least at the unit-cell length that we investigated. We thus
have given a theoretical explanation to the observed
experimental fact. [10, 21].
Recently, we have used more accurate VASP code [22,
23] to calculate the above models as well as much larger
models. When the chosen models are large enough to be
comparable with the experimental W–TiC ratio, the Ti–C
distance converges to a value of *2.16 A˚. This is con-
sistent with the result obtained by CASTEP code. The full
analyses on results of VASP calculations are undergoing
and have not been finished.
It has already been well known that some tiny amounts
of elements such as C, Mn, Si, P, S, Cr, Mo, V, etc., play
essential roles in enhancing the hardness, durability, frac-
ture toughness, and good thermal performance of some
special steels under extreme weather conditions [24]. A
typical example is the widely used rail-track steel which
contains *0.4 %–0.8 % C, *0.65 %–1.7 % Mn,  0:6%
Si, and other trace elements depending on the type of the
steels. However, as in the W–TiC case, the microscopic
mechanisms which depend on the multi-scale structures of
the interested composite materials remain unsolved. The
recent experimental and theoretical studies [25–27] have
shown the toughness of the problem. Our first-principles
approach as used in this work provides a tool to attack the
problem at the atomic and subatomic length scales.
Because of its universality, we do expect its important
applications in studying complex extreme fusion materials
as well as the railway track materials.
5 Conclusion
Through using the first-principle method as implemented in
the CASTEP code, we have optimized four models which
simulate the relative configurations of TiC in the W lattice.
By using the total energy and enthalpy as the standard, we
have analyzed the obtained results. We conclude that
although there exists W–C interactions which weaken the
Ti–C bonding, the Ti–C units tend to stay together to keep
the structural character in the TiC structure. This provides
an explanation for the experimental phenomenon of phase
separation between W and TiC at nano-scale. However, we
must point out that our conclusion is based on the relative
smaller models which limit the choice of the supercell.
Besides, our models involve only the chain configuration
and the two atom Ti–C unit, therefore, it is worth further
studies on more and larger realistic models to test the
reliability of the conclusions that we drawn here.
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